Previously, we showed that protein kinase B (Akt) activation increases intracellular ATP levels and decreases necrosis in renal proximal tubular cells (RPTC) injured by the nephrotoxicant S-(1, 2-dichlorovinyl)-L-cysteine (DCVC) (Shaik ZP, Fifer EK, Nowak G. Am J Physiol Renal Physiol 292: F292-F303, 2007). This study examined the role of Akt in improving mitochondrial function in DCVC-injured RPTC. Our data show a novel observation that phosphorylated (active) Akt is localized in mitochondria of noninjured RPTC, both in mitoplasts and the mitochondrial outer membrane. Mitochondrial levels of active Akt decreased in nephrotoxicantinjured RPTC, and this decrease was associated with mitochondrial dysfunction. DCVC decreased basal, uncoupled, and state 3 respirations; ATP production; activities of complexes I, II, and III; the mitochondrial membrane potential (⌬⌿ m); and F0F1-ATPase activity. Expressing constitutively active Akt in DCVC-injured RPTC increased the levels of phosphorylated Akt in mitochondria, reduced the decreases in basal and uncoupled respirations, increased complex I-coupled state 3 respiration and ATP production, enhanced activities of complex I, complex III, and F 0F1-ATPase, and improved ⌬⌿m. In contrast, inhibiting Akt activation by expressing dominant negative (inactive) Akt or using 20 M LY294002 exacerbated decreases in electron transport rate, state 3 respiration, ATP production, ⌬⌿ m, and activities of complex I, complex III, and F 0F1-ATPase. In conclusion, our data show that Akt activation promotes mitochondrial respiration and ATP production in toxicant-injured RPTC by 1) improving integrity of the respiratory chain and maintaining activities of complex I and complex III, 2) reducing decreases in ⌬⌿ m, and 3) restoring F 0F1-ATPase activity. mitochondria; respiratory complexes; ATP; S-(1,2-dichlorovinyl)-Lcysteine; mitochondrial membrane potential STRESS STIMULI, including ischemia, hypoxia, drugs, and toxicants, induce mitochondrial injury in a variety of cell types (2, 18). Mitochondrial dysfunction and the resulting energy deficits are common mechanisms of cell death (16, 22, 30, 31) . Cells that require high energy input and are dependent on oxidative phosphorylation for ATP production, such as cardiac myocytes and renal cortical tubules, are particularly susceptible to injury and death caused by inhibition of mitochondrial energy metabolism (16, 18, 30) . Mitochondrial dysfunction and ATP deficits result in renal proximal tubular cell (RPTC) injury and necrosis, and are common mechanisms of acute renal failure caused by ischemia and nephrotoxicants (26, 30, 31) .
nisms of acute renal failure caused by ischemia and nephrotoxicants (26, 30, 31) .
Mitochondrial dysfunction is also a major mechanism of RPTC injury and death caused by the exposure to S-(1,2-dichlorovinyl)-L-cysteine (DCVC), a nephrotoxic metabolite of common environmental contaminants trichloroethylene and dichloroacetylene (28) . DCVC selectively accumulates in RPTC, causing mitochondrial damage and cell death. Mitochondrial dysfunction produced by DCVC is associated with the reduction in substrate oxidation by dehydrogenases of the citric acid cycle, the decreases in activities of respiratory complexes and F 0 F 1 -ATPase, and a decline in mitochondrial membrane potential (⌬⌿ m ), ATP production, and intracellular ATP levels (11, 25-28, 32, 51, 52) . Prolonged decreases in oxidative phosphorylation and ATP levels lead to decreases in Na ϩ -K ϩ -ATPase activity and active Na ϩ transport, resulting in the disruption of intracellular ion homeostasis and sublethal and lethal injury in RPTC (38, 41) .
Recent evidence shows that protein kinases play an important role in the regulation of mitochondrial functions. PKA, PKC (isoforms ␣, ε, and ␦), ERK, JNK/SAPK, and p38 MAPK regulate mitochondrial respiration, activities of respiratory complexes, the mitochondrial permeability transition (MPT), ⌬⌿ m , and overall mitochondrial integrity (5, 19) . PKA enhances the activity of complex I in myoblasts and decreases activity of the cytochrome oxidase (complex IV) in renal and heart mitochondria (19) . Another kinase, c-Src, increases activity of complex IV in osteoclasts (5, 19) . In RPTC, PKC-␣ activation decreases the activity of ATP synthase following DCVC injury (32) . In oxidant-injured RPTC, ERK1/2 activation decreases the activity of respiratory complex I (40) .
Protein kinase B (Akt) promotes cell survival and protects against apoptosis initiated by the mitochondrial pathway through phosphorylation and inhibition of the mitochondrial proapoptotic proteins Bad, Bax, and caspase-9 (33) . Aktmediated phosphorylation also activates antiapoptotic proteins Bcl-xL and Bcl-2 and blocks the release of cytochrome c from mitochondria (33) . However, little is known about the role of Akt in necrosis and regulation of mitochondrial respiration and oxidative phosphorylation. It has been shown that the activation of Akt maintains ⌬⌿ m , the driving force for ATP production, increases intracellular ATP levels, and inhibits cell death in neuronal cells, cardiac myocytes, and hepatocytes (9, 10, 15, 21, 23, 36, 53) . Akt activation inhibits opening of the mitochondrial permeability transition pore (MPTP) through the inactivation of glycogen synthase kinase 3-␤ (GSK-3␤) (23, 43) . Akt activation induces translocation of hexokinase II to mitochondria, where it binds to the voltage-dependent anion channel (VDAC) and prevents GSK-3␤-mediated phosphorylation of VDAC and mitochondrial permeability transition (MPT) (15, 44) . Previous studies also showed that Akt activation is associated with its translocation to mitochondria and phosphorylation of the catalytic ␤-subunit of F 0 F 1 -ATPase in neuronal cells (7) . Our recent study demonstrated that in RPTC, DCVC exposure initially induces transient activation of Akt that is followed by Akt inactivation (48) . Blocking Akt activity decreases intracellular ATP levels and increases RPTC death, whereas increasing Akt activation maintains intracellular ATP levels and decreases DCVC-injured RPTC necrosis (48) . The goal of the present study was to determine the role of Akt in the regulation of oxidative phosphorylation and ATP production in RPTC following DCVC injury.
MATERIALS AND METHODS

Materials.
Female New Zealand White rabbits (2.0 -2.5 kg) were purchased from Myrtle's Rabbitry (Thompson Station, TN). The cell culture media, DMEM, Eagle's MEM, a 50:50 mixture of DMEM and Ham's F-12 nutrient mix without phenol red, pyruvate, and glucose, and FBS were purchased from MediaTech Cellgro (Herndon, VA). Phosphatidylinositol 3-kinase (PI3K) inhibitor (LY294002), Akt activity assay kit, anti-Akt, and anti-phospho-Akt (Ser473) antibodies were supplied by Cell Signaling Technologies (Beverly, MA). Lysosomal-associated membrane protein-1 (LAMP-1), and monoamine oxidase A/B antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and antibody against calreticulin was supplied by Abcam (Cambridge, MA). Antibody against ␤-subunit of F 0F1-ATPase was purchased from Molecular Probes/Invitrogen (Carlsbad, CA). Decyl ubiquinone was purchased from Sigma (St. Louis, MO) Adenoviral vectors encoding dominant negative (inactive) Akt [HAAkt (K179M)] and constitutively active Akt (HA-myr Akt) were constructed and aliquots provided by Dr. Junichi Sadoshima (University of Medicine and Dentistry of New Jersey, Newark, NJ). Adenovirus carrying an empty pShuttle vector was obtained from BD Biosciences Clontech (Palo Alto, CA). The sources of other reagents were described previously (40, 42, 48) . DCVC was synthesized using the method of McKinney et al. (34) as described previously (48) . The purity of DCVC was analyzed by determining the melting point and by TLC. Characterization of DCVC was carried out using nuclear magnetic resonance (NMR) spectroscopy, infrared (IR) spectroscopy, and mass spectroscopy.
Isolation and culture of RPTC. All procedures in animals were carried out in accordance with federal guidelines and approved by the Institutional Animal Care and Use Committee at the University of Arkansas for Medical Sciences. Renal proximal tubules were isolated from female New Zealand White rabbit kidneys by the iron-oxide perfusion method and grown under improved culture conditions as previously described (42) . The culture medium used was a 50:50 mixture of DMEM and Ham's F-12 nutrient mix without phenol red, glucose, and pyruvate and supplemented with 15 mM HEPES, 15 mM NaHCO 3, 2.5 mM glutamine, and 6 mM lactate (pH 7.4, 295 mosmol/ kgH2O). Human transferrin (5 g/ml), selenium (5 ng/ml), hydrocortisone (50 nM), bovine insulin (10 nM), and L-ascorbic acid-2-phosphate (50 M) were added before daily media change.
DCVC treatment of RPTC monolayers. Because insulin activates Akt in RPTC (data not shown), insulin was withdrawn from the media 24 h before and following DCVC exposure. Confluent quiescent RPTC monolayers were exposed to 240 M DCVC for 90 min. DCVC exposure was terminated by aspirating the culture media and adding fresh warm culture media containing all hormones except for insulin. Akt activation was inhibited by adding 20 M LY294002, the inhibitor of PI3K, or expressing dominant negative (inactive) Akt using adenoviral vector encoding a mutant form of Akt rendered inactive by replacing the phosphorylatable serine and threonine residues with nonphosphorylatable alanine residue [multiplicity of infection (MOI) ϭ 25]. Akt activation was increased by expressing constitutively active Akt using adenoviral vector encoding the NH 2 terminus myristylated form of Akt with enhanced basal kinase activity (MOI ϭ 25). Infection with adenoviral particles encoding an empty pShuttle vector (MOI ϭ 25) was used as a negative control. Adenoviral infection of confluent RPTC was carried out 48 h before DCVC exposure. A second infection was carried out immediately after DCVC exposure to maintain RPTC levels of active or inactive Akt until the end of experiment. At the concentrations used, adenoviral particles did not produce any cytotoxic effect in RPTC (data not shown).
Adenoviral amplification. Adenoviral particles were amplified in AD293 cells followed by second amplification in HEK293 cells as we described previously (48) .
Immunoblot analysis. Phosphorylation and protein levels of Akt in mitochondria isolated from RPTC were assessed by immunoblot analysis as described previously (48) .
Immunoprecipitation and measurement of Akt activity. Akt activity in RPTC mitochondria was determined by immunoprecipitation followed by kinase assay using a nonradioactive Akt kinase assay kit and manufacturer's protocol as described previously (48) .
Oxygen consumption. Oxygen consumption (QO 2) was measured polarographically at 37°C using a Clark-type electrode as described previously (37, 40, 42) . Uncoupled QO2 (a marker of electron transfer rate through the respiratory chain) was measured in the presence of FCCP (1 M). Oligomycin-sensitive QO2 (a marker of oxidative phosphorylation) was measured in the presence of oligomycin (inhibitor of F0F1-ATPase; 0.6 g/ml). State 3 respiration was determined by measuring QO2 in the presence of 0.4 mM ADP and excess oxidative substrates: 10 mM citrate (complex I-linked state 3 respiration) and 10 mM succinate (complex II-linked state 3 respiration)ϩ0.1 M rotenone. RPTC were resuspended in a buffer containing 120 mM KCl, 5 mM KH2PO4, 10 mM HEPES, 2 mM EGTA, 1 mM MgSO4, 0.01% digitonin, and 10 mM potassium citrate or 10 mM potassium succinate plus 0.1 M rotenone; pH 7.4. State 3 respiration was initiated by adding 0.4 mM ADP.
ATP production rate. ATP production rate was measured as described previously (32, 40) using 10 mM citrate or 10 mM succinate plus 0.1 M rotenone as the oxidative substrates (pH 7.4). The reaction was initiated by adding ADP (2 mM final concentration), carried out for 5 min at 37°C and terminated by adding an aliquot of ice-cold perchloric acid (3% final concentration). The suspension was spun down, the supernatant was neutralized to pH 7.5, and ATP content was measured using the ATP bioluminescence assay as described previously (32) .
⌬⌿m. ⌬⌿m was assessed by flow cytometry using JC-1 dye as described previously (37) . RPTC monolayers were loaded with JC-1 (10 M) and incubated for 30 min at 37°C. Following incubation, media were aspirated, monolayers washed twice with ice-cold PBS, scraped off culture dishes, and resuspended in PBS. Fluorescence was determined by flow cytometry (FACS Calibur, Beckton Dickinson), using excitation by a 488-nm argon-ion laser. The fluorescence of JC-1 monomer (green) and the J-aggregates (red) were detected separately in FL1 (emission, 525 nm) and FL2 (emission, 590 nm) channels, respectively.
Isolation of RPTC mitochondria. Mitochondria were isolated from RPTC as described previously (39) . Isolated mitochondria were purified by centrifugation in discontinuous Percoll gradient. Mitochondria were suspended in 50 l of 10 mM HEPES, 395 mM sucrose, and 0.1 mM EDTA (pH 7.4), layered on the top of the Percoll gradient (70, 40, and 30%) and centrifuged at 68,000 g for 5 min at 4°C. Purified mitochondria were collected from the interphase between 40 and 70% Percoll and washed twice in the suspension buffer. The final mitochondrial pellet was resuspended either in a hypotonic buffer containing 25 mM potassium phosphate and 5 mM MgCl2 (pH 7.2) to determine activity of the respiratory complexes or in 10 mM Tris ⅐ HCl containing 200 mM KCl and 2 mM MgCl 2 (pH 8.2) to determine F 1F0-ATPase activity. For immunoblot analysis, purified mitochondria were solubilized in lysis buffer (50 mM Tris ⅐ HCl, 150 mM NaCl, 1 mM EGTA, 2% Triton X-100, 1 mM Na 3VO4, 1 mM NaF, the protease and phosphatase inhibitor cocktails; pH 7.4) and detection of phosphorylated and total Akt carried out as described previously (44). Purity of mitochondrial fractions was tested by probing with an antibody recognizing endoplasmic reticulum marker protein calreticulin and lysosomal protein LAMP-1, and mitochondrial inner membrane protein ␤-subunit of F 0F1-ATPase.
Fractionation of mitochondria. Fractionation of purified mitochondria was carried out by the swelling-shrinking method as described by Hovius et al. (20) . Percoll-purified mitochondria were suspended and incubated for 20 min in a swelling buffer (10 mM KH 2PO4, pH 7.4, containing protease and phosphatase inhibitors) at 4°C followed by incubation (20 min) in a shrinking buffer (10 mM KH 2PO4 buffer, pH 7.4, containing 32% sucrose, 30% glycerol, 10 mM MgCl 2, and protease and phosphatase inhibitors). The suspension was then centrifuged at 10,000 g for 10 min at 4°C. The pellet containing the mitoplasts was washed three times in the 1:1 mixture of the swelling and shrinking buffers, resuspended in a lysis buffer (50 mM Tris ⅐ HCl, pH 7.4, containing 150 mM NaCl, 1 mM EGTA, 2% Triton X-100, 1 mM Na 3VO4, 1 mM NaF, and protease and phosphatase inhibitor cocktails), and processed for immunoblot analysis. The supernatant containing the outer mitochondrial membrane and the intermembranespace components was collected and centrifuged at 68,000 g for 30 min at 4°C. The pellet containing the outer membrane fraction was solubilized in the lysis buffer and processed for immunoblot analysis of Akt and monoamine oxidase (MAO-A/B, the mitochondrial outer membrane marker protein).
Activity of respiratory complexes. The activities of respiratory complexes I and II were measured in isolated mitochondria according to the method of Birch-Machin et al. (8) as described previously (39) . Freshly isolated mitochondria were suspended in the hypotonic assay buffer (25 mM potassium phosphate buffer containing 5 mM MgCl2, pH 7.2) and freeze-thawed in liquid nitrogen. Complex I (NADH: ubiquinone oxidoreductase) activity was assayed spectrophotometrically by following the oxidation of NADH (0.25 mM) at 340 nm at 30°C in the assay buffer containing 62.5 M ubiquinone, 0.25% BSA, antimycin A (2 g/ml), and mitochondria in the absence and presence of rotenone (10 g/ml). Complex I activity was calculated as the rotenone-sensitive NADH:ubiquinone oxidoreductase activity. Complex II (succinate:ubiquinone oxidoreductase) activity was assayed spectrophotometrically by following the reduction of dichlorophenolindophenol (0.25 mM) at 590 nm at 30°C in the assay buffer containing succinate (20 mM), antimycin A (2 g/ml), rotenone (10 g/ml), 0.25% BSA, and ubiquinone (62.5 M). Complex III (ubiquinol:cytochrome c oxidoreductase) activity was assessed by following the reduction of cytochrome c (60 M) at 550 nm at 30°C in the assay buffer containing rotenone (10 g/ml), 10% BSA, decyl ubiquinol (50 M), and KCN (0.24 mM) as described by Barrientos et al. (6) . Decyl ubiquinone was reduced to decyl ubiquinol according to the method described by Barrientos et al. (6) . The increase in absorbance (reduction of cytochrome c) was recorded in the absence of antimycin A and then in the presence of antimycin A (2 g/ml). Complex III activity was calculated as the antimycin A-sensitive ubiquinol:cytochrome c oxidoreductase activity. Complex IV (cytochrome oxidase) activity was assessed by following the oxidation of reduced cytochrome c (90 M) at 550 nm at 30°C in the assay buffer containing 10% BSA, antimycin A (2 g/ml) in the presence and absence of KCN (0.24 mM) as described by Barrientos et al. (6) . Complex IV activity was calculated as KCN-sensitive cytochrome oxidase activity.
F0F1-ATPase activity. ATPase activity of the ATP synthase was determined in freshly isolated mitochondria by measuring the release of Pi from ATP by the method of Law et al. (28) as described previously (31) . Each sample was run in the absence and presence of oligomycin (10 g/ml), and the oligomycin-sensitive ATPase activity of F 0F1-ATPase was calculated.
All results were normalized to cellular protein, which was measured by bicinchoninic acid (BCA) assay using BSA as the standard.
Statistical analysis. Data are presented as averages Ϯ SE and were analyzed for significance by one-way ANOVA. Multiple averages were compared using Student-Newman-Keuls test. The level of significance was set at P Ͻ 0.05. RPTC isolated from an individual rabbit represented one experiment (n ϭ 1). Figure 1A shows that Akt is localized in RPTC mitochondria. The levels of phosphorylated (active) Akt in mitochondria were decreased at 24 h following DCVC exposure (Fig. 1, A and B) . Blocking Akt activation, using LY294002, decreased the levels of phosphorylated (active) Akt in RPTC mitochondria (Fig. 1, A and B) . In contrast, expressing active Akt maintained the levels of phosphorylated Akt in mitochondria isolated from DCVC injured RPTC at 8 and 24 h following the exposure (Fig. 1, A and B) . Akt kinase assay demonstrated Akt activity in mitochondria of noninjured RPTC (Fig. 1G) . Akt activity was decreased at 24 h following DCVC exposure. Presence of LY294002 inhibited Akt activity in mitochondria of injured RPTC (Fig. 1G ). In contrast, overexpressing active Akt (caAkt) in RPTC maintained Akt activity in mitochondria at 24 h following DCVC injury (Fig. 1G) . DCVC-induced injury did not change mitochondrial protein levels of Akt (Fig. 1, A and C) . Immunoblot analysis of mitochondrial subfractions demonstrated that the majority of mitochondrial Akt is present in the mitochondrial outer membrane. Less Akt is present in the mitoplasts (Fig. 2, A and B) . Therefore, we conclude that Akt localizes in RPTC mitochondria and that DCVC injury decreases the levels of phosphorylated Akt and Akt activity in mitochondria.
RESULTS
Akt in RPTC mitochondria.
Figures 1, E and F, and 2, D and E, show that purified mitochondria and mitochondrial subfractions had no detectable levels of calreticulin (an endoplasmic reticulum marker) and LAMP-1 (a lysosomal marker), demonstrating that mitochondria were not significantly contaminated by the endoplasmic reticulum and lysosomes. As shown in Fig. 2C , mitoplasts were not contaminated by the outer mitochondrial membrane (no detectable levels of MAO, the mitochondrial outer membrane marker).
Akt regulates integrity of the respiratory chain. To determine whether Akt regulates the rate of electron transport through the respiratory chain, the levels of active and inactive Akt were increased in RPTC and basal and uncoupled QO 2 was measured at 24 h following DCVC exposure. DCVC decreased basal and uncoupled QO 2 s to 48 and 45% of controls, respectively. Akt activation increased basal and uncoupled QO 2 s in injured RPTC to 75 and 60% of controls (Figs. 3, A and B) . In contrast, inhibition of Akt activation by LY294002 or expressing dnAkt exacerbated DCVC-induced decreases in basal QO 2 to 30 and uncoupled QO 2 to 30 and 22% of controls, respectively (Fig. 3, A and B ). These data demonstrate that Akt activation improves electron transfer rate through the respiratory chain in injured RPTC and suggest that Akt is involved in the regulation of activities of respiratory complexes.
Akt regulates functions of respiratory complexes. The functions of complex I and complex II were differentiated by using different respiratory substrates that energize mitochondria through these two complexes. Citrate was used to measure substrate oxidation through complex I and succinate (ϩ0.1 M rotenone to block complex I) to measure oxidation through complex II. State 3 respiration (maximum rate of mitochondrial respiration) coupled to complex I decreased to 68% of controls at 24 h after DCVC exposure (Fig. 4A) . The inhibition of Akt in DCVC-injured RPTC exacerbated the decreases in complex I-coupled state 3 respiration (42% of controls) whereas the overexpression of active Akt increased complex I-coupled state 3 respiration to 77% of controls (Fig. 4A) . State 3 respiration coupled to complex II was decreased 55% in DCVC-injured RPTC (Fig. 4B) . Neither Akt activation nor Akt inhibition had any effect on the decreases in complex IIcoupled state 3 respiration (Fig. 4B ). These results demonstrate that Akt activation regulates mitochondrial respiration in DCVC-injured RPTC by promoting oxidation of substrates through complex I but has no effect on oxidation of substrates through complex II.
To test a hypothesis that Akt regulates state 3 respiration by improving the function of respiratory complex(es), the activities of all four complexes were measured in mitochondria isolated from injured and noninjured RPTC. DCVC exposure decreased the activities of complex I and complex II to 55 and 50% of controls, respectively (Fig. 5) . Blocking Akt activation using LY294002 or expressing dnAkt exacerbated the decreases in complex I activity in DCVC-injured RPTC to 28 and 40% of controls, respectively (Fig. 5A) . In contrast, expressing the constitutively active Akt maintained complex I activity in injured RPTC (89% of controls) (Fig. 5A) . Neither Akt activation nor Akt inhibition had any effect on DCVC-induced decreases in complex II activity (Fig. 5B) .
Complex III activity was decreased in DCVC-injured RPTC to 54% of controls (Fig. 6A) . Inhibition of Akt activation exacerbated the decrease in activity of complex III to 33% of controls (Fig. 6A) . In contrast, activation of Akt maintained activity of complex III (87% of controls) (Fig. 6A) . Neither DCVC injury nor changes in Akt activity had any effect on complex IV activity in RPTC (Fig. 6B) . Infection of RPTC with adenovirus carrying cDNA coding constitutively active Akt and adenovirus carrying cDNA coding inactive Akt had no effect on the activity of respiratory complexes in noninjured RPTC (data not shown). Similarly, adenovirus carrying an empty vector and LY294002 had no effect on the activities of respiratory complexes in noninjured RPTC (data not shown).
These data demonstrate that Akt activation increases the activities of complex I and complex III, but has no effect on the activities of complex II and complex IV in DCVC-injured RPTC. Thus our results show for the first time that Akt activation promotes the functions of complex I and complex III and improves mitochondrial respiration in RPTC following toxicant injury.
Akt regulates ⌬⌿ m in injured RPTC. ⌬⌿ m was assessed by incubating RPTC monolayers with JC-1 followed by the flow cytometric analysis of green and red fluorescence. Green fluorescence of JC-1 increased 31% in DCVC-injured RPTC, which demonstrates increased accumulation of JC-1 monomers in the cytosol (Fig. 7, A and B) . Concomitantly, red fluorescence decreased 33% in DCVC-injured RPTC, which demonstrated decreased accumulation of J-1 aggregates in mitochondria. DCVC exposure also decreased the ratio of J-1 red aggregates to JC-1 green monomers to 48% of controls at 24 h following the injury (Fig. 7C) . These data show that DCVC decreased ⌬⌿ m in RPTC. Akt inhibition exacerbated DCVCinduced decrease in ⌬⌿ m as indicated by 1) increased green fluorescence, 2) decreased red fluorescence, and 3) decreased red/green fluorescence ratio to 30% of controls (Fig. 7) . In contrast, Akt activation decreased accumulation of JC-1 monomers in the cytosol, increased accumulation of J-1 aggregates in the mitochondria, and increased red/green fluorescence ratio in injured RPTC to 60% of controls (Fig. 7 ). These results demonstrate that Akt activation improves ⌬⌿ m in DCVCinjured RPTC. Akt regulates ATP production in RPTC following DCVC injury. Figure 8 shows that DCVC induces a decrease in ATP production coupled to substrate oxidation through complex I and complex II (66 and 75% of controls at 24 h after the exposure). Activation of Akt by expressing constitutively active Akt in injured RPTC increased complex I (but not complex II) linked ATP production to 81% of controls (Fig. 8, A and B) . In contrast, inhibition of Akt activation exacerbated the decreases in complex I-linked synthesis of ATP to 50% of controls (Fig. 8A) . These data show that Akt activation improves ATP production coupled to substrate oxidation through complex I.
Akt regulates F 0 F 1 -ATPase activity in RPTC following DCVC injury. Two approaches were used to determine whether Akt regulates F 0 F 1 -ATPase activity in RPTC. First, we used oligomycin (an inhibitor of F 0 F 1 -ATPase) to assess oligomycin-sensitive QO 2 as an indirect measure of F 0 F 1 -ATPase function and oxidative phosphorylation in the whole RPTC. Figure 9A shows that DCVC exposure decreases oligomycinsensitive QO 2 to 47% of controls at 24 h following the injury. Akt activation in DCVC-injured RPTC increased oligomycinsensitive QO 2 to 63% of controls (Fig. 9A) . Blocking Akt activation using LY294002 or expressing inactive Akt, exacerbated decreases in oligomycin-sensitive QO 2 to 34 and 28% of controls in DCVC-injured RPTC (Fig. 9A) . Direct measurements of F 0 F 1 -ATPase activity in isolated mitochondria showed that DCVC decreased F 0 F 1 -ATPase activity to 65% of controls at 24 h following the exposure (Fig. 9B) . Akt activation prevented the decrease in F 0 F 1 -ATPase activity whereas overexpression of the inactive Akt (dnAkt) exacerbated DCVC-induced decreases in F 0 F 1 -ATPase activity to 44% of controls (Fig. 9B ). These results demonstrate that Akt activation maintains the activity of F 0 F 1 -ATPase and improves oxidative phosphorylation in RPTC following DCVC injury and suggest that F 0 F 1 -ATPase is a target of Akt in RPTC.
DISCUSSION
Our present study demonstrates that Akt plays a protective role against mitochondrial dysfunction induced by the nephrotoxicant, DCVC, in RPTC. Our data show that the phosphorylated (active) Akt is expressed in mitochondria of noninjured RPTC and that there is activation of Akt in mitochondria of control RPTC. A database (Mitoprot) search for the presence of mitochondrial-targeting sequences in Akt (probability for Akt to be translocated to mitochondria), showed that there is 0.25% chance for Akt to be translocated to mitochondria. Mookherjee and colleagues (35) have shown that the overexpression of Akt increases Akt activity in mitochondria of neuroblastoma cells. In addition, overexpression of Akt using Ad-Mito-HA-Akt (adenovirus encoding Akt cDNA composed of the mitochondrial-targeting sequence MSVLTPLLLR-GLTGSARRLPVPRAKIHSL) further increases Akt activity in mitochondria (35) . Our data show that overexpression of Akt in RPTC increases both protein levels of phosphorylated (active) Akt and Akt activity in mitochondria of injured RPTC. Previous studies also demonstrated that cytosolic Akt translocates to mitochondria upon exposure to IGF-1 in human neuroblastoma and embryonic kidney cells and following treatment of cardiomyocytes with mitochondrial K ϩ -ATP channel opener BMS-191095 (1, 7). Our data show that Akt localizes predominantly in the mitochondrial outer membrane and to a lesser extent in the mitoplasts. Bijur and colleagues (7) also demonstrated that the cytosolic Akt (activated by IGF-1) translocates to the outer and inner membrane of mitochondria in neuroblastoma cells. Active Akt phosphorylates GSK-3␤ in the mitochondrial outer membrane (7). Active GSK-3␤ phosphorylates MPTP, which leads to MPTP opening (23) . Phosphorylation of GSK-3␤ by Akt inhibits GSK-3␤ and prevents MPTP opening (23) . Akt also associates with hexokinases (HK-I and HK-II) present in the mitochondrial outer membrane to inhibit MPTP opening (47) . In cardiac cells, mitochondrial Akt regulates mitochondrial K ϩ -ATP channels present in the mitochondrial inner membrane (1) .
The studies of Turkseven et al. (50) and Asija et al. (4) demonstrated that Akt phosphorylation in the kidney is controlled by heme oxygenase-1 (HO-1) and heme oxygenase-2 (HO-2), respectively (4, 50). Di Noia et al. (13) showed that overexpression of HO-1 increases the levels of phosphorylated Akt in the kidneys of diabetic rats. Activation of Akt by HO-1 inhibits the loss of ⌬⌿ m in aortic smooth muscle cells (9) . Therefore, these studies suggest that HO-1-mediated Akt activation plays an important role in the regulation of ⌬⌿ m . HO-1 is localized in the inner mitochondrial membrane and plays an important role in the protection against apoptosis mediated by the mitochondrial pathway (50) . Furthermore, overexpression of HO-1 increases protein levels of mitochondrial carriers (citrate, carnitine/acylcarnitine, deoxynucleotides, dicarboxylic acids, inorganic phosphate, and ADP/ATP) and the activity of cytochrome c oxidase in the diabetic kidney (13) . Thus it is likely that HO-1-mediated Akt activation protects against mitochondrial dysfunction.
Our study shows that Akt is constitutively present and is active in the mitochondria of RPTC grown in the improved primary culture conditions that stimulate mitochondrial functions and block glycolysis (42) . The presence of active Akt in RPTC mitochondria suggests that Akt plays a role in regulating mitochondrial function in these cells. No decreases in mitochondrial respiration were observed when Akt was active in both the cytosolic and mitochondrial fractions (state 3 respiration coupled to complex I: 20.8 Ϯ 2.4 vs. 22.4 Ϯ 1.5 nmol Fig. 8 . Effect of modulation of Akt activity on ATP production rate coupled to oxidation of substrates through complex I (A) and complex II (B) at 24 h following DCVC (240 M) exposure in RPTC. Complex I-linked ATP production rate was measured in the presence of 10 mM citrate and 2 mM ADP. Complex II-coupled rate of ATP production was measured in the presence of 10 mM succinate, 0.1 M rotenone, and 2 mM ADP. To inhibit Akt activation, RPTC were exposed to 20 M LY294002 for 1 h before and immediately after DCVC treatment or infected with adenovirus carrying dnAkt (MOI ϭ 25). To activate Akt, RPTC were infected with adenovirus carrying caAkt (MOI ϭ 25). nullAdv is defined as in Fig. 3 . Values are the average Ϯ SE (n ϭ 5). Values with dissimilar superscripts are significantly (P Ͻ 0.05) different from each other. 
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Ϫ1 ⅐mg protein Ϫ1 in DCVC-treated vs. control RPTC, respectively). In contrast to glycolytic cancer (human leukemia and lymphoma) cells in which the decrease in mitochondrial respiration activates Akt (12, 45) , the loss of Akt activity in RPTC is associated with the decreases in mitochondrial respiration and the decline in ATP production.
To determine the role of Akt in protection against mitochondrial dysfunction in injured RPTC, Akt activity was increased or decreased and mitochondrial functions were assessed at 24 h following the DCVC injury. Activation of Akt is protective in DCVC-injured RPTC and improves mitochondrial functions such as respiration, ⌬⌿ m , and ATP production, resulting in the maintenance of intracellular ATP levels. Previous studies have demonstrated that the activation of ERK1/2, PKC-⑀, and PKC-␣ decreases mitochondrial respiration in toxicant-injured RPTC (37, 39, 40) . This is the first study that demonstrates that Akt activation improves mitochondrial respiration and oxidative phosphorylation following injury in RPTC. Our data show that the mechanisms responsible for increasing ATP production and intracellular ATP levels by active Akt (48) are increased functions of the respiratory chain and improved ⌬⌿ m . Furthermore, we determined specific mitochondrial targets whose function is regulated by Akt in RPTC mitochondria. We hypothesized that Akt improves the flow of electrons through the respiratory chain by regulating the activity of one or more of the respiratory complexes. Decreases in the activities of respiratory complexes are associated with many pathological conditions such as neurodegeneration, diabetes, aging, and cardiac failure (13, 18, 31) . Hypoxia/reoxygenation, cisplatin, DCVC, and oxidant injury also decrease activities of some or all of the complexes in proximal tubular cells (14, 24, 27, 40, 52) . Our present data show that DCVC decreases activities of complexes I, II and III, but has no effect on complex IV in RPTC. Oxidation of NADH and FADH 2 involves the transfer of electrons through complexes of the respiratory chain and generation of the proton-motive force, which serves as a driving force for the rotation of the F 1 portion of the ATP synthase. Therefore, the reduction in activities of complexes ultimately decreases ATP production in mitochondria. Activation of Akt increases whereas Akt inhibition decreases activities of complex I and complex III in injured RPTC, which demonstrates that complex I and complex III are regulated by Akt in injured RPTC. Increases in activities of complex I and complex III result in increased oxidation of NADH, and this change may contribute to improvement of ⌬⌿ m and the driving force for ATP synthesis. Indeed, our data show that Akt activation improves ⌬⌿ m and ATP production in injured RPTC. Thus our study is the first to demonstrate the protective role of active Akt against the decreases in activities of complex I and complex III and the loss of ⌬⌿ m in mitochondria of injured cells.
The activities of mitochondrial complexes are regulated by different mechanisms including phosphorylation (5, 19) . Previously, it has been shown that PKA increases the activity of complex I in cardiac myoblasts by phosphorylating the 18-kDa subunit of complex I (5, 19) . Several subunits of complex I (NDUFA10 and NDUFA1) are phosphorylated at serine residues in a cAMP-dependent manner (5, 19) . A study by He and collaborators (17) suggests that the dephosphorylation of Rieske iron-sulfur protein (RISP) of complex III is involved in MPT in rat liver mitochondria. Another study demonstrated that in myocardial tissue, increased Akt activity is associated with decreased activity of complex III, but the direct mechanism of this decrease has not been delineated (3). Suliman et al. (49) demonstrated that in cardiac tissue, carbon monoxidemediated Akt activation increases protein levels of all four mitochondrial complexes. Therefore, it is possible that in DCVC-injured RPTC, active Akt increases complex I and III activities by phosphorylating the subunits of and/or increasing the protein levels of these complexes. However, further studies are necessary to determine the exact mechanism by which active Akt increases the functions of complexes I and III in DCVC-injured RPTC.
It is also likely that Akt phosphorylates one or more components of the MPTP. Previously, Akt activation has been shown to maintain ⌬⌿ m by inhibiting MPT and blocking the MPTP in many cell types during toxicant or ischemic insult (9, 10, 13, 23, 44, 47) . We speculate that, in addition to regulating the activity of mitochondrial complexes, Akt present in the mitochondrial outer membrane phosphorylates and regulates MPTP opening in injured RPTC. In cardiac myocytes and monocytes, Akt forms a complex with PKC-ε and eNOS, which leads to phosphorylation of Akt and results in maintaining ⌬⌿ m (46, 54) . Our results show that expressing active Akt reduced the decreases in ⌬⌿ m DCVC-injured RPTC. However, Akt activation did not restore ⌬⌿ m as efficiently as it restored activities of complex I and complex III, suggesting an existence of a proton leak that is not regulated by Akt in injured RPTC. It is also possible that NADH (the substrate for com- To inhibit Akt activation, RPTC were exposed to 20 M LY294002 for 1 h before and immediately after DCVC treatment or infected with adenovirus carrying dnAkt (MOI ϭ 25). To activate Akt, RPTC were infected with adenovirus carrying caAkt (MOI ϭ 25). nullAdv is defined as in Fig. 3 . Values are the average Ϯ SE (n ϭ 5-7). Values with dissimilar superscripts are significantly (P Ͻ 0.05) different from each other. plex I) levels are decreased in DCVC-injured mitochondria but the levels of mitochondrial NADH (generated in the citric acid cycle) are not controlled by Akt.
The ␣-, ␤-, and ␥-subunits of F 1 portion of the ATP synthase are also regulated by phosphorylation (5, 7). Mitochondrial Akt forms a complex with the catalytic ␤-subunit of F 0 F 1 -ATPase in human neuroblastoma cells and embryonic kidney mitochondria (7) . In myocardial cells, Akt activation decreases F 0 F 1 -ATPase activity, downregulates oxidative phosphorylation, and stimulates the uptake and utilization of glucose in glycolysis (3) . In contrast, our data show that in DCVC-injured RPTC, the activation of Akt restores the activity of F 0 F 1 -ATPase and oxidative phosphorylation. Because RPTC are not glycolytic in vivo and, in our model, are grown in glucose-free media that stimulate mitochondrial ATP production, Akt does not stimulate oxidative phosphorylation by decreasing glycolysis, but by increasing oxidative metabolism. Therefore, we conclude that, in addition to increasing ⌬⌿ m , active Akt also promotes oxidative phosphorylation and ATP synthesis by increasing F 0 F 1 -ATPase activity in DCVC-injured RPTC.
In conclusion, this report shows a novel observation that the activation of Akt protects against nephrotoxicant-induced decreases in oxidative phosphorylation and ATP levels in RPTC. Active Akt diminishes mitochondrial dysfunction and improves oxidative phosphorylation following the DCVC injury by preventing the decreases in functions of complex I and complex III, improving ⌬⌿ m , and restoring F 0 F 1 -ATPase activity. Improvement of oxidative phosphorylation and ATP production by Akt activation leads to increases in intracellular ATP levels and inhibition of necrosis in DCVC-injured RPTC. This study suggests that the activation of Akt could serve as a means of protection against renal injury by promoting mitochondrial function in RPTC.
